Abstract: Objective Formaldehyde at high concentrations is a contributor to air pollution. It is also an endogenous metabolic product in cells, and when beyond physiological concentrations, has pathological effects on neurons. in cultured hippocampal neurons; NMDARs and T-type Ca 2+ channels may be involved in this process.
Introduction
It is generally acknowledged that formaldehyde is a component of air pollution. Inhaled formaldehyde is toxic or lethal to human beings when its concentration reaches 0.08% (~26.7 mmol/L) [1] . High concentrations induce not only DNA damage, leukemia, and carcinoma, but also neuronal degeneration in Parkinson's disease [2, 3] . In fact,
formaldehyde is produced as a universal metabolic product by methylation and demethylation during biological processes within cells under physiological conditions [4] . The physiological concentration of endogenous formaldehyde in human blood was found at approximately 0.1 mmol/L [5] .
In recent years, researchers have found that endogenous, metabolically-produced formaldehyde also has pathological effects when it exceeds physiological concentrations. We found that formaldehyde concentration is elevated in the spinal cord of rats with chronic pain [6] . Formaldehyde derived from local metastasized tumor tissues excites peripheral nociceptive neurons and thus can induce cancer pain [7] . More surprisingly, we and others found that formaldehyde at low pathological concentrations induces misfolding and aggregation of neuronal tau protein, leading to apoptosis of hippocampal neurons in vitro [8] , and even cognitive impairment in human beings and loss of memory functions in animals [9, 10] .
Neuronal activation is a common event during these pathological processes. Increased intracellular calcium concentration ([Ca 2+ ] i ) is an important trigger for neuronal activation [11] . These findings raised the interesting question of whether formaldehyde increases [Ca 2+ ] i in neurons. [12] . Activation of these channels mediates low-threshold Ca 2+ spikes and after-depolarization potentials which are important for regulating neuronal excitability [13, 14] .
In the present study, using primary cultured hippocampal neurons as a model, we assessed the effect of formal- 
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Results
We first determined whether formaldehyde at a low pathological concentration increases [Ca 2+ ] i in primary hippocampal neurons at 7-10 DIV. Based on the average concentration of formaldehyde in cancer tissues from patients [7] , we used 1 mmol/L as the test concentration. Formaldehyde at this level approximately doubled the [Ca 2+ ] i (Fig. 1A, B) . The subsequent addition of 60 mmol/L KCl induced a sharp increase of neuronal fluorescence intensity, indicating good cell viability during the formaldehyde testing (Fig. 1C) . KCl is a classic membrane depolarizing agent, and 60 mmol/L KCl does not induce membrane breakdown according to previous reports [15] .
In order to test whether NMDARs are involved in the formaldehyde-induced [Ca 2+ ] i increase in hippocampal neurons, the NMDAR antagonist AP5 (25 μmol/L) was given 5 min after formaldehyde (1 mmol/L) perfusion.
The Ca 2+ fluorescence intensity of hippocampal neurons declined by ~22%, significantly lower than the value after formaldehyde treatment ( Fig. 2A, D) .
As positive controls, the NMDAR agonists NMDA (250 μmol/L) and glycine (10 μmol/L) were added instead of formaldehyde. We found that 25 μmol/L AP5 reduced the fluorescence intensity by 60% when given after the NMDAR agonists (Fig. S1 ), indicating that 25 μmol/L AP5 was sufficient for NMDAR blockade. These results suggested that the increased fluorescence intensity in hippocampal neurons induced by formaldehyde is partly attributable to NMDARs.
To exclude the possibility that the reduced fluorescence intensity was induced by fluctuations in the liquid level due to antagonist perfusion, we used 10 μL HBSS (equal volume to the added antagonist) as a negative control. We found that HBSS did not influence the fluorescence intensity (Fig. S1 ), suggesting that it was the pharmacological effect of AP5 that led to the reduced fluorescence intensity.
In fact, other than high Ca 2+ permeability, NMDAR activation is voltage-dependent and can be blocked by Mg 2+ at resting membrane potential [16, 17] . The membrane blockade. Therefore, we tested T-type Ca 2+ channels, which are characterized by activation at a low voltage.
T-type Ca 2+ channels are widely expressed in the central nervous system including the hippocampus, and their activation threshold is close to the resting membrane potential of −60 mV [12] . We first determined whether T-type Ca 2+ channels are activated by 1 mmol/L formaldehyde.
We added MIB, a specific blocker of T-type Ca 2+ channels, at a final concentration of 1 μmol/L (in a volume of 2 μL), which was much higher than its half-maximal inhibitory concentration in the hippocampus [18] . When MIB was given after 1 mmol/L formaldehyde perfusion, the Ca 2+ fluores-cence intensity showed a ~25% reduction (Fig. 2B, D) .
In addition, a combination of 25 μmol/L AP5 and 1 μmol/L MIB reduced the formaldehyde-induced fluorescence intensity by 31%, which was significantly greater than that found after AP5 or MIB administration alone (Fig.   2C, D) . These results suggested that both NMDARs and Ttype Ca 2+ channels participate in the formaldehyde-induced increase of [Ca 2+ ] i in hippocampal neurons.
To find out which, NMDARs or T-type Ca 
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These results indicated that T-type Ca 2+ channels, but not NMDARs, play a role in initiating the Ca 2+ influx into hippocampal neurons after formaldehyde treatment.
Discussion
In the present study, we found that formaldehyde perfusion at a low pathological concentration increased intracellular Ca 2+ fluorescence intensity in primary cultured hippocampal neurons. By using NMDAR antagonists and T-type Ca 2+ channel blockers, we further showed that this increase of [Ca 2+ ] i was mediated by NMDARs and T-type Ca 2+ channels, and in addition, the latter participated in the initiation of this increase.
Formaldehyde is a generally known toxin. Formalin, which is formaldehyde in solution, is commonly used to establish pain models in rats and mice when injected into the paw [7] . In fact, formaldehyde exists within the body at low concentrations. This endogenous formaldehyde is a consistent metabolic product of methylation and demethylation, and can be detected in various tissues and body fluids [19] . Its generation and elimination are closely associated with the methionine-homocysteine cycle [20] . The physiological concentration of endogenous formaldehyde in human blood is ~0.1 mmol/L [5] . It can even pass through the blood-brain barrier [21] and damage the central nervous system.
In our previous study, we found that the formaldehyde concentration is as high as ~1 mmol/L in tumor tissues from cancer patients [7] . Breast cancer tissue-derived formaldehyde is elevated in the bone marrow when the cancer cells metastasize into bone. Tissue-derived endogenous formaldehyde even at such a low concentration can induce pain behavior [7, 22] . Previous studies have demonstrated that formaldehyde exposure at 0.01-0.1% (~3.3 to ~33 mmol/L) induces mis-folding and aggregation of tau protein in hippocampal neurons [9] , which is essential to beta-amyloidinduced neurodegeneration [23] . Cognitive impairments in senile dementia have also been associated with elevated endogenous formaldehyde concentration [10] . These reports suggest that the endogenous formaldehyde produced in tissues at low concentrations plays a pathological role in neurons. In the present study, formaldehyde perfusion at [24] , and the T-type Ca 2+ channel is a voltage-dependent channel with a low threshold for activation. T-type Ca 2+ channel-mediated Ca 2+ spikes are important for neuronal excitation [13] , and the transient Ca 2+ current then triggers burst firing in adult mammalian neurons [14] .
In our present study, using primary cultured hippocampal neurons as a model, we showed that the NMDAR [25] , and have been shown to be potential therapeutic targets for Parkinson's disease [26] . To some extent, our results provide an explanation for possible formaldehyde excitotoxicity to neurons.
It is well known that NMDARs are blocked by extracellular Mg 2+ at resting membrane potential, and the blockade is relieved when the membrane potential is depolarized to −40 mV [17] . In the present study, in resting neu- 
